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An X-ray Study of Shock-Recovered Tantalum Single Crystals

Jikou Zhou, Luke L. Hsiung, Ricky Chau, and Cheng K. Saw

Lawrence Livermore National Laboratory, Livermore, CA 94551

Abstract: In this paper, we report shock-induced new grains and residual lattice tension in tantalum
single crystals. The single crystals with orientations in [001], [011], [111], and [123] directions are
shocked at ~ 55 GPa in gas gun under almost identical conditions. New grains in the shocked crystals
are revealed by x-ray scanning analysis. Rather than lattice compression that is frequently probed by in
situ x-ray diffraction technique, we find significant residual lattice tension in the recovered tantalum
crystals. Such residual lattice tension is attributed to the dislocation cells and their deformation. The
dislocation cells are accordingly estimated to be greater than 100 nm from broadening of x-ray

diffraction peak.
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INTRODUCTION

Tantalum and its alloys are known for their
excellent ductility, workability and toughness.
They have important applications under high
pressures and high temperatures, as they are
usually strong, hard and stable through wide
temperature ranges. Up to date, numerous studies
have been carried out to investigate their
mechanical behavior at high strain rates and high
pressures [1]. Most of them are focused on
polycrystalline tantalum and alloys. But little is
known about deformation and microstructure
evolution of tantalum single crystals (TSC). We are
studying shock-induced microstructure changes in
TSC; the progress about crystals shocked at 55
GPa is reported in this paper.

EXPERIMENT

The disc-shaped single crystals are prepared
using electro-discharged machining (EDM). The
dimensions of the discs are ~ 2 mm thick and ~ 7.6
mm in diameter. Shock experiments are carried out
in gas gun. Shot velocity is measured and pressure
is estimated to be ~ 55 GPa. The simulation using a
hydrodynamic code is carried out to check the
wave profile. The simulated result is shown in

Figure 1. The peak pressure at the sample center is
~ 55 GPa, consistent with the experimental
measurement.
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Figure 1: The wave profile in shock experiment.

After shock experiments, the shock recovered
tantalum single crystals are ground and polished,
then analyzed using x-ray diffraction. X-ray
diffraction measurements are executed with a
Philips PW-3070 diffractometer, while 6 and 26
are coupled. A power supply of 40 kV, 40 mA, and
a Cu anode (1 = 1.54056 A) with a Ni filter are
used. The scan range is 26 = 20° - 130°.



RESULTS

The x-ray diffraction spectrums of the shocked
tantalum single crystals are shown in Figure 2. The
strong primary peaks remain for all the shocked
crystals, suggesting that the original crystal
orientation of each crystal remains unchanged after
shock. However, there are three new peaks in the
x-ray diffraction spectrum of the shocked [001]
crystal, namely (011), (112), and (013) peaks.
According to the standard x-ray diffraction data of
tantalum from the ICDD (International Center for
Diffraction Data), intensity ratio for these three
peaks should be 100:38:19. But the (013) peak is
the strongest among the three. Similar observation
is made for the shocked [011] crystal. According to
the ICDD data, the new (002) peak should be
weaker than the new (112) and (123) peaks. But
actually the (002) peak are much stronger than the
other two, indicating that the new grains have
preferred orientations, leading to formation of
texture. Four new peaks appear in the x-ray
diffraction spectrum of the shocked [111] crystal.
They are (011), (002), (112), and (013) peaks.
Their intensity ratio follows the trend of the ICDD
data. There is no new diffraction peak in the x-ray
spectrum of the shocked [123] crystals.
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Figure 2: X-ray diffraction spectrums of the
shocked crystals the four orientations. The
additional peaks induced by shock loading are
indicated by arrows. The permissible peaks and
their indexes are also indicated at the bottom.

By comparing the primary x-ray diffraction
peak positions of the shocked crystal and the
corresponding pristine crystal of each orientation
(Figure 3), we find significant peak shifting. The
Brag angle of the (002) peak of the shocked [001]
crystal is 27.76°, while that of the corresponding
pristine crystal is 27.82°. The difference is - 0.06°.
In other words, shock loading causes the primary
(002) diffraction peak to shift ~ 0.06° toward a
smaller value. Similar negative shifts also occur in
crystals in all other orientations, as shown in
Figures 3b-3d. The shifting magnitudes are -
0.035°, -0.405°, and -0.160° for crystals in [011],
[111], and [123] orientation, respectively.

According to Bragg’s Law, the product of
interplanar lattice space d and the sine of Bragg
angle, sing, is a constant, equal to one half of the x-
ray wavelength, i.e. A = 2dsiné. A smaller Bragg
angle corresponds to a larger interplanar lattice
space. The change of the interplanar lattice space
along the shock wave direction is estimated using
the following formula: inor , in which

g A%:Sme%neg 1

05 and O; are the Bragg angles of the pristine

and the corresponding shock-compressed crystals,
respectively. The calculation gives a lattice stretch
range between ~ 0.16% to ~ 0.20% for [001],
[011], and [123] crystals. The lattice stretch in the
shocked [111] crystal is up to 0.5% for reasons that
are unknown.

DISCUSSION

It is well known that, a material under planar
wave shock loading is typically subject to shock
drive, release, and the following thermal recovery
processes [2]. If the pressure is higher than the
Hugoniot elastic Limits (HEL), the lattice is first
elastically shock compressed, then plastically
deformed leading to permanent microstructure
changes and lattice reassembly [3-6]. Upon
unloading, the lattice compression in metals at high
pressure should be released upon unloading.

Tantalum single crystals in this study are
shock loaded to a pressure of 55 GPa, which is at
least ten times of the HELs for tantalum. The
crystals are subject to significant plastic
deformation and the subsequent release and



thermal recovery processes. The residual lattice
tension in shock compressed tantalum crystals may
be associated with permanent lattice and
microstructure change induced by shock loading.
Dislocation, dislocation cells, multiscale twins, and
omega phase are the most likely microstructure
features in shock loaded pure tantalum and
tantalum alloys [7]. Among these features,
dislocation cell structure is an important source to
cause long-distance internal stresses, as it is a
heterogeneous microstructure, consisting of cell
wall with high-density dislocations and cell interior
with low-density dislocations. Levine and his co-
worker [8] have directly detected long-distance
residual stresses/strains in the deformed lattices
within individual dislocation cells, using an x-ray
scanning probe with a beam size less than 1
micron. The residual strain is tension when the
crystal is compressed, while it is compression
when the crystal is stretched. This is a direct
confirmation of a model prediction by Ungar,
Mughrabi and others [9].
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Figure 3: Shock-induced negative x-ray diffraction
peak shifting and broadening for crystals in [001]
(@), [011] (b), [111] (c), and [123] (d) orientations,
respectively.

The residual lattice tension in our shock-
loaded crystals is consistent with the
abovementioned observations. This is indicative of
the fact that dislocation cells are important in
plastic deformation of shock loaded tantalum
single crystals. They are formed during
deformation, and then participate in the subsequent
deformation before unloading. Dislocation cells are
generally viewed as sub-grain boundaries, as the
lattice orientation within each cell is slightly
different from the neighboring ones. Thus, the sizes
of dislocation cells can be estimated using the

Scherer’s Formula, ie. p_, :0-9%0059 , in
B

which D, is the average diameter of dislocation
cells, B is the difference between the full-width at
half maximum (FWHM) of the diffraction peaks of



the shock loaded and the corresponding pristine
crystals. The estimated cell sizes are 128 nm for
[001] crystal, 169 nm for [011] crystal, 167 nm for
[111] crystal, and 116 nm for [123] crystal. All
values are above 100 nm. The cell sizes are
consistent with observations in shock loaded
tantalum alloys [33], suggesting our earlier
assumption is reasonable.

CONCLUSIVE REMARKS

New grains formed in the shock-recovered
tantalum single crystals and revealed using x-ray
diffraction analysis. The formation is orientation-
dependent: new diffraction peaks appear in the
spectrums of [001], [011], and [111] crystals, but
not [123] crystal, although they are shock loaded at
almost the same conditions.

The lattices in the recovered tantalum crystals
are under significant residual tension, which is
attributed to the dislocation cells formed during
shock-induced deformation. The cell sizes are
estimated to be larger than 100 nm for all crystals
in all orientations. The estimated cell sizes are
consistent with our experimental observations in
other shocked tantalum.

This work was performed under the auspices
of the U.S. Department of Energy by University of
California, Lawrence  Livermore  National
Laboratory under Contract W-7405-Eng-48. The
authors are grateful to Dr. Geoff Campbell for
providing tantalum single crystal, to Mr. Sam
Weaver for shock experiment.

REFERENCES

1. Zerilli FJ and Armstrong RW, Description of
tantalum deformation behavior by dislocation
mechanics based constitutive relations, Journal
of applied Physics 1990, 68:1580-1591.

Asay, JR, The use of shock-structure methods
for  evaluating  high-pressure  material
properties, International Journal of Impact
Engineering 1997, 20: 27-61.

Bringa EM, Rosolankova K, Rudd RE,
Remington BA, Wark JS, Duchaineau M,
Kalantar DH, Hawrenliak J, and Belak J,
Shock deformation of face-centered-cubic
metals on subnanosecond timescales, Nature
Materials 2006, 5: 805-8009.

Kishimura H, Morishita H, Okano YH,
Hironaka Y, Kondo K and Nakamura KG,
Micromosaic formation in laser-irradiated Si
probed by picosecond time-resolved x-ray
diffraction, Physical Review B 2006, 74:
224301.

Turneaure SJ and Gupta YM, X-ray
Diffraction and continuum measurements in
silicon crystals shocked below the elastic limit,
Applied Physics Letters 90 (2007): 051905.
Rigg PA and Gupta YM, Multiple x-ray
diffraction to determine transverse and
longitudinal lattice deformation in shocked
lithium fluoride, Physical Review B 2001, 63:
094112.

Hsiung LL and Lassila DH, Shock-induced
deformation twinning and omega
transformation in tantalum and tantalum-
tungsten alloys, Acta Materialia 2000, 48:
4851-4865.

Levine LE, Larson BC, Yang WG, Kassner
ME, Tischler JZ, Delos-Reyes MA, Fields RJ
and Liu WJ, X-ray microbeam measurements
of individual dislocation cell elastic strains in
deformed  single-crystal copper, Nature
Materials 2006, 5:619-622.

Ungar T, Mughrabi H, Ronnpagel D and
Wilkins M, X-ray Line-broadening study of
the dislocation cell structure in deformed
[001]-oriented copper single crystals, Acta
Metallurgical, 1984, 32: 333-342.



